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We investigated this issue by rearing rats in one ofYale University School of Medicine
New Haven, Connecticut 06520 two environments in which the performance of motor
operations will vary. While several methods are available
for manipulating the motor environment of young ani-
mals (reviewed by Walton et al., 1992), microgravity thatSummary
results from space flight represents a noninvasive sys-
tem which may be applied continually and does notLocomotor activity in many species undergoes pro-
restrict movement. One might expect that microgravitynounced alterations in early postnatal life, and environ-
has a preferential influence on load-bearing and posturalmental cues may be responsible for modifying this
muscles and associated neuronal circuitry. If the neuralprocess. To determine how these events are reflected
substrate for motor development is activity dependent,in the nervous system, we studied rats reared under
then removal of gravity during this critical period mighttwo different conditionsÐthe presence or absence of
be anticipated to result in altered motor neuron dendriticgravityÐin which the performance of motor opera-
morphology.tions differed. We found a significant effect of rearing
environment on the size and complexity of dendritic
Resultsarchitecture of spinal motor neurons, particularly
those that are likely to participate in postural control.
The dendritic trees of motor neurons in rats rearedThese results provide evidence that neurons subserv-
aboard the space shuttle were labeled with the fluores-ing motor function undergo activity-dependent matu-
cent tracer DiI, and a quantitative analysis was under-ration in early postnatal life in a manner analogous to
taken. Litters of rats were postnatal day 9 at launch,sensory systems.
and were sacrificed by perfusion fixation at postnatal
day 16 or 23 (after 7 or 14 days of microgravity) orIntroduction
immediately after landing at postnatal day 25 (referred to
as P16, P23, and P25, respectively). Two age-matchedThe patterns of synaptic activity that occur when a
control groups remaining on the ground were analyzedyoung animal interacts with its environment influence
along with flight (FLT) animals: one group of asynchro-the development of neurons which subserve sensory
nous ground controls (AGC) were housed in similarfunctions in the central nervous system (CNS) (Katz and
cages to those on board the shuttle, while a secondShatz, 1996). The extent to which environmentally
group were housed in larger vivarium cages (VIV), de-evoked synaptic activity affects connectivity in other
signed to control for the increased available surfacedeveloping neural systems, such as those involved with
area of the flight cages in the absence of gravity.motor function, is less well defined. In rodents, dramatic
Statistical analysis of neurons from P16 (Table 1) andmusculoskeletal development occurs during the first
P23 (Table 2) flight animals revealed no differences inmonth of life, coincident with the emergence of weight-
any indices of cell size or amount of dendritic arbor,bearing capacity of limbs, coordinated locomotor activ-
compared with age-matched ground controls. Cross-ity, postural orientation, and righting reflexes (Altman
sectional cell body area, number of primary dendrites,and Sudarshan, 1975; Pellis et al., 1991). During this
number of branch points and tips, and total amounttime, spinal motor neuron dendrites attain mature archi-
of dendritic arbor per cell were similar in all groups.tecture (Cummings and Stelzner, 1984; Kalb, 1994; Inglis
Likewise, the average amount of dendritic arbor per treeet al., 1998), innervation (Seebach and Ziskind-Conhaim,
and the longest dendritic path per cell were unaltered1994), and electrophysiological characteristics (Red-
by microgravity. In contrast, in motor neurons drawnfern, 1970; Brown et al., 1976; Walton and Navarette,
from P25 animals (Figure 1), significant differences in1991; Kalb et al., 1992; Jakowec et al., 1995) and receive
branch points and in average length of dendritic treeafferent innervation from supraspinal sources such as
were observed (Table 3), compared with ground-basedthe corticospinal tract (Hicks and d'Amato, 1975; Do-
controls. Post hoc group comparisons (Student-New-natelle, 1977; Gribnau et al., 1986; Curfs et al., 1994).
man-Keuls, p , 0.05) revealed significant differencesThe motor neuron dendritic tree is the major site of
between AGC and FLT animals.receipt of synaptic inputs and thus a key determinant
To investigate whether differences in morphology inof the motor neuron firing pattern. The establishment
P25 animals are localized to a particular region of theof proper motor neuron dendritic tree architecture is
dendritic tree, we used a modified Sholl analysis (Sholl,disrupted by antagonists of the N-methyl-D-aspartate
1953). In this analysis, concentric radii are drawn, start-(NMDA) subtype of glutamate receptor during a critical
ing at the center of the cell body, and the amount of
dendrite and branch points within each radial distance³ To whom correspondence should be addressed (e-mail: rgk2@
email.med.yale.edu). are analyzed and plotted as a function of distance from
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Table 1. Effects of Microgravity on Motor Neurons from P16 Rats
Cell Parameter AGC (n 5 44) VIV (n 5 19) FLT (n 5 21) F(2,81), p
Primary dendrites 3.9 6 0.2 4.0 6 0.3 3.8 6 0.2 F 5 0.283, p 5 0.754
Branch points 4.9 6 0.4 4.5 6 0.8 3.6 6 0.5 F 5 1.471, p 5 0.236
Number of tips 8.8 6 0.5 8.5 6 1.0 7.3 6 0.6 F 5 1.409, p 5 0.250
Total dendrite arbor (mm) 1620 6 90 1577 6 167 1472 6 121 F 5 0.407, p 5 0.667
Average arbor per tree (mm) 424 6 23 394 6 30 408 6 40 F 5 0.270, p 5 0.764
Longest dendritic path (mm) 407 6 20 380 6 30 440 6 38 F 5 0.898, p 5 0.412
Cross-sectional cell body area (mm2) 830 6 68 870 6 112 887 6 102 F 5 0.122, p 5 0.886
AGC, asynchronous ground controls (8 animals); VIV, vivarium-housed controls (7 animals); FLT, flight group (5 animals). Data are represented
as mean 6 SEM (n, number of cells drawn from each group).
the cell body. Sholl analysis revealed a group x radius motor neuron and the midline of the spinal cord, and
averaged this distance for all cells within an age groupeffect in these animals (F60,1380 5 1.788, p , 0.001), indi-
cating that within groups there were differences in the to create a single coordinate for that age group. Using
this value we assigned each motor neuron to a medial ordistribution of dendrite across radial distance; post hoc
comparisons between groups indicated a decrease in lateral data set. Neurons with a mediolateral coordinate
smaller than the average were assigned to a ªmedialºdendritic arbor in FLT animals, with respect to both AGC
and VIV controls. group, while neurons with a mediolateral coordinate
greater than the average were designated as the ªlat-Within the ventral horn, motor neurons that innervate
proximal and axial musculature, and receive innervation eralº group. When lateral neurons from flight animals
were compared against age-matched controls, we sawfrom the vestibulospinal tract, are medial to other motor
neurons (Ghez, 1991). Axial and proximal musculature no significant differences between groups (Table 4).
Comparison of medial neurons from P16 and P23 flightthat contribute to postural control have been shown to
undergo atrophy and altered patterns of activation in animals with their age-matched controls likewise re-
vealed no differences. However, when medial neuronsmicrogravity (Clement et al., 1984; Layne and Spooner,
1990; Blewett and Elder, 1993; Jaweed, 1994; Leterme from P25 flight animals were compared against age-
matched controls, significant reductions in the numberand Falempin, 1998). In space, the vestibular system
cannot provide qualitative information contributing to of branch points were observed relative to control val-
ues. Similar differences were encountered in the aver-postural control (Clarac et al., 1998; Ross and Tomko,
1998). Thus, we hypothesized that the growth of the age amount of arbor per dendritic tree (Table 5).
Sholl analysis performed on the P25 animals (Figuredendritic tree of medial motor neurons connected to
proximal and axial muscles would be significantly more 2) revealed a highly significant group x radius interaction
in the distribution of dendrite as a function of distanceaffected by rearing in microgravity when compared to
lateral neurons connected to distal limb muscles. The from the cell body in medial neurons (F58,464 5 2.337, p ,
0.0001, FLT significantly different from AGC and VIV),DiI labeling method provides clear delineation of the
dendritic tree of individual motor neurons, but does not indicating that there is a difference in distribution of
dendrite in medial neurons. Significant reductions inpermit selective labeling of anatomically distinguishable
groups of neurons within the spinal cord. However, un- arbor occur in these cells at distances between 100
and 200 mm from the cell body. This distance roughlylike other neuronal tracers, which might permit retro-
grade labeling of neurons innervating specific muscles, corresponds to the length at which secondary branches
are formed, and is consistent with the observed reduc-DiI can be used to label neurons post mortem in para-
formaldehyde-treated tissue. Since the amount of tissue tion in branch points in this group. In contrast, there is
no such difference in lateral neurons (F58,783 5 1.087,available for these studies was limited to small portions
of fixed spinal cord, we performed an analysis based p 5 0.312). The lack of effect in neurons lying laterally
makes it unlikely that significant differences betweenon the mediolateral positions of neurons within the spi-
nal cord. For this analysis, therefore, we measured the FLT and control groups represent technical factors such
as differences in nutrition or stress in the animals in FLTdistance between the center of the cell body of each
Table 2. Effects of Microgravity in P23 Rats
Cell Parameter AGC (n 5 16) VIV (n 5 34) FLT (n 5 20) F(2,67), p
Primary dendrites 4.4 6 0.2 4.3 6 0.2 4.6 6 0.3 F 5 0.309, p 5 0.736
Branch points 4.3 6 0.5 5.2 6 0.4 5.3 6 0.5 F 5 1.096, p 5 0.340
Number of tips 8.7 6 0.6 9.5 6 0.4 9.8 6 0.7 F 5 0.943, p 5 0.394
Total dendrite arbor (mm) 1363 6 127 1618 6 112 1536 6 125 F 5 0.994, p 5 0.376
Average arbor per tree (mm) 324 6 38 398 6 32 398 6 59 F 5 0.808, p 5 0.450
Longest dendritic path (mm) 357 6 37 392 6 28 363 6 33 F 5 0.361, p 5 0.698
Cross-sectional cell body area (mm2) 872 6 72 942 6 63 998 6 57 F 5 0.645, p 5 0.528
AGC, asynchronous ground controls (7 animals); VIV, vivarium-housed controls (6 animals); FLT, flight group (6 animals) (mean 6 SEM) (n,
number of cells drawn from each group).
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Figure 1. Camera Lucida Drawings of Motor
Neurons from P25 Animals
Representative examples of neurons drawn
from the cervical spinal cord of P25 flight
(FLT) or control (VIV, AGC) animals.
groups. These results suggest that the development of longer, and they experienced reentry of the space shut-
tle into normal gravity (1G). It is possible that brief expo-the dendritic tree of a subpopulation of motor neurons,
sure to 1G prior to perfusion (,12 hr after landing) couldmost likely those innervating proximal or axial muscles,
have induced plastic alterations in medial motor neuronsis specifically influenced by the removal of normal
through an increase in weight-bearing muscle activity.gravity.
However, recent studies suggest that remodeling of
neurites on this scale does not occur within such a shortDiscussion
time frame (Silver and Stryker, 1999) and, rather, is seen
several days after the appropriate stimulus (Antonini andRodents that spend a significant amount of their neona-
Stryker, 1993; Silver and Stryker, 1999). Further, the lacktal development in microgravity display a different reper-
of dendritic abnormalities in lateral motor neurons,toire of motor behaviors, compared to ground-reared
which innervate distal extensors, would argue that load-controls (Walton, 1998). There are two mechanisms by
ing of these muscles during reentry into the earth's at-
which experience might lead to lasting changes in the
mosphere is not the critical component in the alterations
nervous system: first, by altering the potency of preex-
we observed. Instead, we favor the interpretation that
isting, stable synapses, and second, by altering the the decreased amount of dendritic arbor in P25 FLT
numbers and locations of synapses. The major finding animals is primarily the result of a sustained period of
of the present study provides evidence for the second microgravity. In support of this, behavioral studies per-
mechanism, in that there is a reduction in the amount formed as part of the present mission find deficits in
of dendritic branches in a population of motor neurons surface righting reflexes in animals reared in space.
in animals that developed in microgravity. Previous work These deficits are present during space flight, and per-
has demonstrated a direct relationship between the size sist for at least 4 months after landing (Harding et al.,
and complexity of the dendritic branching pattern and 1999, Soc. Neurosci., abstract). It is not clear why we
the amount of synaptic input the neuron receives (Hume did not detect alterations in motor neuron architecture
and Purves, 1981; Purves and Hume, 1981; Purves, at earlier time points. It is possible that alterations at
1983). This suggests that experience-dependent reduc- earlier time points were too subtle to be observed in the
tion in dendritic tree size and complexity is likely to be current analyses. The precise time during development
associated with a lower degree of synaptic innervation at which these alterations occur and the extent to which
of motor neurons. landing and brief exposure to 1G may influence dendrite
Changes in dendrite architecture were seen exclu- remodeling need to be addressed in future flight mis-
sively in P25 FLT animals compared to age-matched sions.
controls. These animals differ from P16 and P23 FLT Why does environment selectively influence the devel-
opment of the dendritic tree of motor neurons locatedanimals in that they were exposed to microgravity for
Table 3. Effects of Microgravity in P25 Animals
Cell Parameter AGC (n 5 15) VIV (n 5 26) FLT (n 5 8) F(2,46), p
Primary dendrites 4.1 6 0.3 4.0 6 0.2 4.1 6 0.5 F 5 0.126, p 5 0.882
Branch points 5.9 6 0.6 4.9 6 0.5 3.5 6 0.8* F 5 3.427, p 5 0.041
Number of tips 10.0 6 0.8 8.8 6 0.6 7.3 6 0.9 F 5 2.386, p 5 0.103
Total dendrite arbor (mm) 1529 6 155 1513 6 125 1019 6 169 F 5 2.284, p 5 0.113
Average arbor per tree (mm) 370 6 31 403 6 31 255 6 36** F 5 3.466, p 5 0.040
Longest dendritic path (mm) 353 6 36 405 6 25 278 6 53 F 5 2.886, p 5 0.066
Cross-sectional cell body area (mm2) 1140 6 106 990 6 90 939 6 146 F 5 0.753, p 5 0.477
AGC, asynchronous ground controls (7 animals); VIV, vivarium-housed controls (7 animals); FLT, flight group (4 animals) (mean 6 SEM) (n,
number of cells drawn from each group).
* Significantly different from AGC.
** Significantly different from both AGC and VIV (p , 0.05, SNK).
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Table 4. Number of Branch Points in Neurons Drawn from Medial and Lateral Areas of Cervical Spinal Cord
Medial Neurons Lateral Neurons
AGC VIV FLT F, p AGC VIV FLT F, p
P16 4.2 6 0.7 4.8 6 1.4 3.0 6 0.7 F(2,28) 5 0.757, p 5 0.478 5.3 6 0.6 4.4 6 1.0 3.9 6 0.7 F(2,50) 5 1.121, p 5 0.334
n 5 17 (8) n 5 6 (4) n 5 8 (4) n 5 27 (8) n 5 13 (6) n 5 13 (4)
P23 4.3 6 0.7 5.6 6 0.5 4.8 6 1.7 F(2,29) 5 0.756, p 5 0.479 4.4 6 0.8 4.9 6 0.6 5.5 6 0.4 F(2,35) 5 0.841, p 5 0.440
n 5 8 (5) n 5 18 (6) n 5 6 (4) n 5 8 (4) n 5 16 (5) n 5 14 (5)
P25 4.9 6 0.7 4.4 6 0.3 2.0 6 0.6* F(2,16) 5 4.810, p 5 0.023 7.0 6 0.8 5.1 6 0.7 4.3 6 1.3 F(2,27) 5 1.759, p 5 0.191
n 5 8 (7) n 5 7 (3) n 5 4 (3) n 5 7 (5) n 5 19 (7) n 5 4 (3)
* Indicates a significant difference compared with control groups.
Data are mean 6 SEM (n, number of neurons; numbers in parentheses are the numbers of animals from which the cells were drawn).
medially? Observations of motor behavior after expo- Motor neurons in the spinal cord rely on afferent infor-
mation from a variety of sources in order that posturalsure to microgravity (Layne et al., 1997; Newman et
al., 1997; Walton, 1998) indicate that a major feature equilibrium may be maintained. Proprioceptive informa-
tion regarding specific muscle position and length isdistinguishing motor function in flight subjects com-
pared to controls is the level and pattern of activation provided by the stretch reflex, through which sensory
feedback from muscles reaches motor neurons via Iaof antigravity (extensor) and postural (axial) muscles.
Unloading of these muscles in microgravity might be afferent fibers (Ghez and Gordon, 1991). Unloading of
extensors in microgravity would be expected to diminishexpected to have an effect on the development of neu-
rons innervating both muscle groups. However, forelimb stretch reflex activity in motor neurons which innervate
these muscles. However, extensors are found in bothplacing and spontaneous forelimb movements have
been observed as early as age 4 days of normal develop- proximal and distal muscle groups, which receive in-
nervation from medial and lateral motor neuron poolsment (Altman and Sudarshan, 1975; Donatelle, 1977),
implying that the neuronal component of patterned fore- respectively. Therefore, while alterations in stretch re-
flexes may occur in microgravity, these alone cannotlimb movement was already developed when micrograv-
ity was applied. Hindlimb placing and locomotion are not explain the alterations in dendrite morphology that occur
only in medial neurons in flight animals.present until 13 days, and noncontact righting reflexes
involving axial muscle reflexes are not developed until In microgravity, vestibular reflexes such as righting
responses cannot occur, since the vestibular system is17 days (Altman and Sudarshan, 1975). Thus, in the
present set of experiments, the timing of maturation no longer able to provide cues to orient body position
based on gravitational vectors. Consequently, alter-favors a selective effect of microgravity on hindlimb or
axial musculature. It is not clear, though, whether the ations in vestibular function are a frequent observation
in microgravity (Ross, 1994; Sebastian et al., 1996). Aftersame time frame of development is followed during the
loss of normal gravitational stimuli. Studies of plasticity sustained periods in space, humans report visual distur-
bances and display long-lasting abnormalities in coordi-of the visual system have demonstrated that in the ab-
sence of the correct environmental cues, the critical nation between eye, head, and trunk movements during
foveation, locomotion, and balance (Homick et al., 1977;period for ocular dominance plasticity can be delayed
(Cynader and Mitchell, 1980; Mower, 1991), suggesting Reschke et al., 1994; Reschke et al., 1998; Sawin, 1999)
and supersensitivity of the Hoffman vestibulospinal re-that the normal pattern of development is itself delayed.
Thus, it is possible that the loss of appropriate afferent flex (Reschke et al., 1984). In humans and animals, per-
turbation of the labyrinthine system leads to disturbancestimuli to motor neurons in FLT animals results in a
similarly delayed critical period, a suggestion that might of postural control (Brown, 1961; Clark and Graybiel,
1964; Greenwood and Hopkins, 1976), manifest as de-explain why we were able to observe alterations as late
as 25 days. creased ability to balance. Accordingly, animals reared
Table 5. Average Dendritic Arbor per Tree in Neurons Drawn from Medial and Lateral Areas of Cervical Spinal Cord
Medial Neurons Lateral Neurons
AGC VIV FLT F, p AGC VIV FLT F, p
P16 402 6 38 387 6 55 369 6 49 F(2,28) 5 0.139, p 5 0.871 438 6 28 397 6 37 432 6 58 F(2,50) 5 0.292, p 5 0.748
n 5 17 (8) n 5 6 (4) n 5 8 (4) n 5 27 (8) n 5 13 (4) n 5 13 (6)
P23 276 6 25 406 6 48 346 6 55 F(2,29) 5 1.644, p 5 0.211 372 6 71 390 6 43 420 6 82 F(2,35) 5 0.122, p 5 0.885
n 5 8 (5) n 5 18 (6) n 5 6 (4) n 5 8 (4) n 5 16 (5) n 5 14 (5)
P25 389 6 50 343 6 34 183 6 25* F(2,16) 5 4.811, p 5 0.023 349 6 37 426 6 40 327 6 45 F(2,27) 5 1.120, p 5 0.341
n 5 8 (7) n 5 7 (3) n 5 4 (3) n 5 7 (5) n 5 19 (7) n 5 4 (3)
* Indicates a significant difference compared with control groups.
Data are mean 6 SEM (n, number of neurons; numbers in parentheses are the numbers of animals from which the cells were drawn).
Motor Neuron Development in Microgravity
303
activity-dependent mechanisms fine-tune connections
for optimal function. The present observations provide
strong support for the idea that the motor function of
an animal adapts for optimal operation within the envi-
ronment experienced during a critical period in early
postnatal life.
Experimental Procedures
Neonatal animals were reared in ªNeurolabº aboard the NASA Space
Shuttle Columbia, launched on May 25, 1998. Tissue from flight
animals (FLT) was fixed 7 or 14 days after launch by perfusion
fixation in space, or 16 days after launch, immediately after landing.
Fixation was performed by perfusion with 0.1 M phosphate-buffered
saline (pH 7.4) followed by 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). After perfusion, tissues were stored at 48C for the
duration of the flight. Age-matched control animals in AGC and
VIV groups were placed in ground-based flight cages or vivarium
housing at P9 and sacrificed after 7, 14, or 16 days by perfusion
fixation. Tissues were handled in a manner similar to that of FLT
tissue. All procedures were performed in strict accordance with
the protocols approved by the Ames Research Center Institutional
Animal Care and Use Committee and guidelines provided by the
NRC Guide for the Care and Use of Laboratory Animals.
Motor neurons were labeled retrogradely with the fluorescent
tracer DiI (Molecular Probes, Oregon), applied to the ventral roots
of the cervical spinal cord. After 2±4 weeks, cords were sectioned
(80 mm) with a vibrating microtome (Electron Microscopy Supplies)
and examined using epifluorescent rhodamine optics. Tracings of
neurons and measurements of neuronal characteristics were made
using computer-assisted camera lucida software (Neurolucida).
Groups of neurons were compared statistically with ANOVA (SAS),Figure 2. Sholl Analysis of Motor Neurons from P25 Animals
using the harmonic mean to create F values, due to variability inSholl analysis of medial (A) and lateral (B) neurons from P25 animals.
group sizes. Post hoc comparisons between groups were madeClosed circles, FLT; open circles, AGC; open squares, VIV animals.
using the Student-Newman-Keuls test.An asterisk indicates significant reduction in FLT animals compared
to controls (p , 0.05, Student-Newman-Keuls).
Acknowledgments
We are indebted to the crew of Neurolab (STS-90) for the meticulousin microgravity display long-lasting deficits in righting care of animals while in microgravity and the performance of experi-
reflexes (Walton, 1998), providing evidence for a func- ments during the mission. We gratefully acknowledge the critical
tional deafferentation and hypoactivation of the otolithic intellectual input of Drs. Kerry Walton, Rodolfo Llinas, and Stephen
Strittmatter and all the other scientific participants in the Neurolabsystem in microgravity. This would be reflected within
Project at the Kennedy Space Center (May, 1998). This work wasthe spinal cord by changes in the synaptic activation of
supported by grants from the NIH (NS33467 and NS29837) andthese subpopulations of motor neurons. Several studies
NASA (NAG2-951).indicate that synaptic activity has growth-promoting ac-
tions on neurite processes (Katz and Constantine-
References
Paton, 1988; Vaughn et al., 1988; Schilling et al., 1991;
Bodnarenko and Chalupa, 1993; McAllister et al., 1996; Altman, J., and Sudarshan, K. (1975). Postnatal development of
Inglis et al., 1998; Maletic-Savatic et al., 1999). Seen locomotion in the laboratory rat. Anim. Behav. 23, 896±920.
from this perspective, the loss of postural control in a Antonini, A., and Stryker, M.P. (1993). Rapid remodelling of axonal
arbors in the visual cortex. Science 260, 1819±1821.weightless environment may lead to a reduction in the
complexity of the motor neuron dendritic tree on the Bear, M.F., Kleinschmidt, A., Gu, Q., and Singer, W. (1990). Disruption
of experience-dependent synaptic modifications in striate cortex bybasis of activity-dependent mechanisms.
infusion of an NMDA receptor antagonist. J. Neurosci. 10, 909±925.We have observed that the normal molecular and mor-
Blewett, C., and Elder, G.C.B. (1993). Quantitative EMG analysis inphological development of rodent spinal motor neurons
soleus and plantaris during hindlimb suspension and recovery. J.depends upon the presence of synaptic activity in an
Appl. Physiol. 74, 2057±2066.NMDA receptor±mediated critical period in early postna-
Brown, J.L. (1961). Orientation to the vertical during water immer-tal life (Kalb, 1994; Inglis et al., 1998). By analogy with
sion. Aerospace Med. 32, 209±217.observations of activity-dependent, NMDA receptor±
Brown, M.C., Jansen, J.K.S., and Van Essen, D. (1976). Polyneuronalmediated refinement of the developing visual system
innervation of skeletal muscle in newborn rats and its elimination
(Cline et al., 1987; Kleinschmidt et al., 1987; Cline and during maturation. J. Physiol. 261, 387±422.
Constantine Paton, 1989, 1990; Bear et al., 1990), we
Bodnarenko, S.R., and Chalupa, L.M. (1993). Stratification of ON
propose that plastic mechanisms also mediate the ar- and OFF ganglion cell dendrites depends on glutamate-mediated
rangement of connections between supraspinal and pri- afferent activity in the developing retina. Nature 364, 144±146.
mary afferent inputs within segmental spinal cord cir- Clarac, F., Vinay, L., Cazalets, J.-R., Fady, J.-C., and Jamon, M.
cuitry (Kalb and Hockfield, 1988; 1990). Through the (1998). Role of gravity in the development of posture and locomotion
in the neonatal rat. Brain Res. Rev. 28, 35±43.stabilization of selected inputs and elimination of others,
Neuron
304
Clark, B., and Graybiel, A. (1964). Perception of the postural vertical N-methyl-D-aspartate receptors are transiently expressed in the
developing spinal cord ventral horn. Proc. Natl. Acad. Sci. USA 89,following prolonged bodily tilt in normals and subjects with labyrin-
thine defects. Acta Otolaryngol. 58, 143±148. 8502±8506.
Clement, G., Gurfinkel, V.S., Lestienne, F., Lipshits, M.I., and Popov, Katz, L.C., and Constantine-Paton, M. (1988). Relationships between
K.E. (1984). Adaptation of postural control to weightlessness. Exp. segregated afferents and postsynaptic neurons in the optic tectum
Brain Res. 57, 61±72. of three-eyed frogs. J. Neurosci. 8, 3160±3180.
Cline, H.T., and Constantine-Paton, M. (1989). NMDA receptor an- Katz, L., and Shatz, C.J. (1996). Synaptic activity and the construc-
tagonists disrupt the retinotectal topographic map. Neuron 3, tion of cortical circuits. Science 274, 1133±1138.
413±426.
Kleinschmidt, A., Bear, M.F., and Singer, W. (1987). Blockade of
Cline, H.T., and Constantine-Paton, M. (1990). NMDA receptor ago- ªNMDAº receptors disrupts experience-dependent plasticity of kit-
nist and antagonists alter retinal ganglion cell arbor structure in the ten striate cortex. Science 238, 355±358.
developing frog retinotectal projection. J. Neurosci. 10, 1197±1216.
Layne, C.S., and Spooner, B.S. (1990). EMG analysis of human pos-
Cline, H.T., Debski, E.A., and Constantine-Paton, M. (1987). tural responses during parabolic flight microgravity episodes. Aviat.
N-methyl-D-aspartate receptor antagonist desegregates eye-spe- Space Environ. Med. 61, 994±998.
cific stripes. Proc. Natl. Acad. Sci.USA 84, 4342±4345.
Layne, C.S., McDonald, P.V., and Bloomberg, J.J. (1997). Neuromus-
Cummings, J.P., and Stelzner, D.J. (1984). Prenatal and postnatal cular activation patterns during treadmill walking after space flight.
development of lamina IX neurons in the rat thoracic spinal cord. Exp. Brain Res. 113, 104±116.
Exp. Neurol. 83, 155±166.
Leterme, D., and Falempin, M. (1998). EMG activity of three rat
Curfs, M.H.J.M., Gribnau, A.A.M., and Dereden, P.J.W.C. (1994).
hindlimb muscles during microgravity and hypergravity phase of
Selective elimination of transient corticospinal projections in the rat
parabolic flight. Aviat. Space Environ. Med. 69, 1065±1070.
cervical spinal cord grey matter. Dev. Brain Res. 78, 182±190.
Maletic-Savatic, M., Malinow, R., and Svoboda, K. (1999). RapidCynader, M., and Mitchell, D.E. (1980). Prolonged sensitivity to mon-
dendritic morphogenesis in CA1 hippocampal dendrites induced byocular deprivation in dark-reared cats. J. Neurophysiol. 43, 1026±
synaptic activity. Science 283, 1923±1927.1040.
McAllister, A.K., Katz, L.C., and Lo, D.C. (1996). Neurotrophin regula-Donatelle, J.M. (1977). Growth of the corticospinal tract and the
tion of cortical dendritic growth requires activity. Neuron 17, 1057±development of placing reactions in the postnatal rat. J. Comp.
1064.Neurol. 175, 207±232.
Mower, G.D. (1991). The effect of dark rearing on the time courseGhez, C. (1991). The control of movement. In Principles of Neural
of the critical period in cat visual cortex. Dev. Brain Res. 58, 151±158.Science, E.R. Kandel, J.H. Schwartz, and T.M. Jessell, eds. (Norwalk,
CT: Appleton and Lange), pp. 539±542. Newman, D.J., Jackson, D.K., and Bloomberg, J.J. (1997). Altered
astronaut lower limb and mass center kinematics in downwardGhez, C., and Gordon, J. (1991). Muscle receptors and spinal re-
jumping following space flight. Exp. Brain Res. 117, 30±42.flexes: the stretch reflex. In Principles of Neural Science, E.R. Kan-
del, J.H. Schwartz, and T.M. Jessell, eds. (Norwalk, CT: Appleton Pellis, V.C., Pellis, S.M., and Teitelbaum, P. (1991). A descriptive
and Lange), pp. 564±580. analysis of the postnatal development of contact-righting in rats
(rattus norvegicus). Dev. Psychobiol. 24, 237±263.Greenwood, R., and Hopkins, A. (1976). Muscle responses during
sudden falls in man. J. Physiol. 254, 507±518. Purves, D. (1983). Modulation of neuronal competition by postsyn-
Gribnau, A.A.M., de Kort, E.J.M., Dederen, P.J.W.C, and Nieuwen- aptic geometry in autonomic ganglia. Trends Neurosci. 6, 10±16.
huys, R. (1986). On the development of the pyramidal tract in the Purves, D., and Hume, R.I. (1981). The relationship of postsynaptic
rat.II. An anterograde tracer study of the outgrowth of the corticospi- geometry to the number of presynaptic axons that innervate auto-
nal fibers. Anat. Embryol. 175, 101±110. nomic ganglion cells. J. Neurosci. 5, 441±452.
Hicks, S.P., and d'Amato, C.J. (1975). Motor-sensory cortex-cortico-
Redfern, P.A. (1970). Neuromuscular transmission in new-born rats.
spinal system and developing locomotion and placing in rats. Am.
J. Physiol. 209, 701±709.
J. Anat. 143, 1±42.
Reschke, M.F., Anderson, D.J., and Homick, J.L. (1984). Vestibulo-Homick, J.L., Reschke, M.F., and Miller, E.F. (1977). The effects of
spinal reflexes as a function of microgravity. Science 225, 212±214.prolonged exposure to weightlessness on postural equilibrium. In
Reschke, M.F., Bloomberg, J.J., Paloski, W.H., Harm, D.L., and Par-Biomechanical Results from Skylab, R.S. Johnston and L.F. Dietlein,
ker, D.E. (1994). Neurophysiologic aspects: sensory and sensory-eds. (NASA SP-377), pp. 104±112.
motor function. In Space Physiology and Medicine, Third Edition,Hume, R.I., and Purves, D. (1981). Geometry of neonatal neurones
A.E. Nicogossian, C.L. Huntoon, and S.L. Pool, eds. (Philadelphia:and the regulation of synapse elimination. Nature 293, 469±471.
Lea and Febiger), pp. 261±285.
Inglis, F.M., Furia, F., Zuckerman, K.E., Strittmatter, S.M. and Kalb,
Reschke, M.F., Bloomberg, J.J., Harm, D.J., Paloski, W.H., Layne,R.G. (1998). The role of nitric oxide and NMDA receptors in the
C., and McDonald, V. (1998) Posture, locomotion, spatial orientation,development of motor neuron dendrites. J. Neurosci. 18, 10493±
and motion sickness as a function of space flight. Brain Res. Rev.10501.
28, 102±117.Jakowec, M.J., Fox, A.J., Martin, L.J., and Kalb, R.G. (1995). Quanti-
Ross, M.D. (1994). A spaceflight study of synaptic plasticity in adulttative and qualitative changes in AMPA receptor expression during
rat vestibular maculas. Acta Otolaryngol. Suppl. 516, 3±14.spinal cord development. Neuroscience 67, 893±907.
Jaweed, M.M. (1994). Muscle structure and function. In Space Physi- Ross, M.D., and Tomko, D.L. (1998). Effect of gravity on vestibular
neural development. Brain Res. Rev. 28, 44±51.ology and Medicine, Third Edition, A.E. Nicogossian, C.L. Huntoon,
and S.L. Pool, eds (Philadelphia: Lea and Febiger), pp. 317±326. Sawin, C.F. (1999). Biomedical investigations conducted in support
Kalb, R.G. (1994). Regulation of motor neuron dendrite growth by of the extended duration orbiter medical project. Aviat. Space Envi-
NMDA receptor activation. Development 120, 3063±3071. ron. Med. 70, 169±180.
Kalb, R.G., and Hockfield, S. (1988). Molecular evidence for early Schilling, K., Dickinson, M.H., Connor, J.A., and Morgan, J.I. (1991).
activity-dependent development of hamster neurons. J. Neurosci. Electrical activity in cerebellar cultures determines purkinje cell den-
8, 2350±2360. dritic growth patterns. Neuron 7, 891±902.
Kalb, R.G., and Hockfield, S. (1990). Induction of a neuronal proteo- Sebastian, C., Esseling, K., and Horn, E. (1996). Altered gravitational
glycan by the NMDA receptor in the developing spinal cord. Science experience during early periods of life affects the static vestibulo-
250, 294±296. ocular reflex of tadpoles of the southern clawed toad, Xenopus
laevis daudin. Exp. Brain Res. 112, 213±222.Kalb, R.G., Lidow, M.S., Halsted, M.J., and Hockfield, S. (1992).
Motor Neuron Development in Microgravity
305
Seebach, B.S., and Ziskind-Conhaim, L. (1994). Formation of tran-
sient inappropriate sensorimotor synapses in developing rat spinal
cords. J. Neurosci. 14, 4520±4528.
Sholl, D.A. (1953). Dendritic organization in the neurons of the visual
and motor cortices of the cat. J. Anat. (Lond). 87, 387±406.
Silver, M.A., and Stryker, M.P. (1999). Synaptic density in geniculo-
cortical afferents remains constant after monocular deprivation in
the cat. J. Neurosci. 19, 10829±10842.
Vaughn, J.E., Barber, R.P., and Sims, T.J. (1988). Dendritic develop-
ment and preferential growth into synaptogenic fields: a quantitative
study of Golgi-impregnated spinal motor neurons. Synapse 2, 69±78.
Walton, K. (1998). Postnatal development under conditions of simu-
lated weightlessness and space flight. Brain Res. Rev. 28, 25±34.
Walton, K.D., Lieberman, D., Llinas, A., Begin, M., and Llinas, R.R.
(1992). Identification of a critical period for motor development in
neonatal rats. Neuroscience 51, 763±767.
Walton, K.D., and Navarette, R. (1991). Postnatal changes in moto-
neurone electrotonic coupling studied in the in vitro rat lumbar spinal
cord. J. Physiol. 433, 283±305.
